doi

:10.14311/ppt.2025.1.1
Plasma Physics and Technology 12(1):1-9, 2025

NUMERICAL STUDIES OF PLASMA EMISSION IN A MEGA JOULE
PLASMA FOCUS USING LEE CODE

M. A. MALEK®*, M. N. Hupa®, M. K. IsLam®, M. AKEL, S. LEg®%/

@ Physics Discipline, Khulna University, Khulna 9208, Bangladesh

b

c

d

e

f

ES

Plasma Physics Division, Atomic Energy Center, Dhaka 1000, Bangladesh

Department of Physics, Atomic Energy Commission, P. O. Box 6091, Damascus, Syria
Institute for Plasma Focus Studies, 32 Oakpark Drive, Chadstone, VIC 3148, Australia
INTI International University, 71800 Nilai, Malaysia

University of Malaya, 50603 Kuala Lumpur, Malaysia

malekphy@gmail.com

Abstract. In this paper, plasma emissions (radiative recombination, bremsstrahlung, and line
radiation) from a mega-joule plasma focus (PF1000) device is studied using the Lee code for nitrogen
(N3), oxygen (Oz) and argon (Ar) gases with pressure variation in the range of (0.05-2.5) Torr. Ion
density, plasma velocity, pinch temperature, Joule heating, peak current, and minimum pinch radius
are also obtained with pressure change for each of the gases. It is found that the line radiation is
predominant compared to bremsstrahlung radiation and radiative recombination for each gas. At
the optimum pressure, the maximum line radiations are found as: 3.9kJ (91 % of total emissions) at
0.945 Torr No, 6.2kJ (85 % of total emissions) at 0.6 Torr Oz and 30kJ (97 % of total emissions) at
0.23 Torr Ar, respectively. The minimum pinch radius (rmin) and consequent ion densitiy (IV;) of these
gases are computed at their corresponding optimum pressures. It is found that the 7y, (0.13 cm) of Ar
is 10-fold smaller than No (1.25cm) while it is 6-fold smaller in Og (0.82cm). This smallest minimum
pinch radius of Ar produces the dominating ion density (71 x 1023 m~3) compared to Ng (3 x 10** m~3)
and Oy (5 x 102 m~3) gases resulting the highest line radiation is found for Ar. The sharp dropping of
the pinch radius of Ar plasma followed by the greatest plasma emission (line) shows the strong evidence
of radiatively-enhanced compressions.
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1. Introduction

Plasma focus (PF) device is a high-power self-
generated electromagnetic accelerator which can pro-
duce and compress plasma in a thin filament in front
of the inner electrode (anode) [1-3]. This machine
is studied as an intense source of X-rays for its po-
tential applications in industries such as medical use
[4-9], micro-machining [10, 11], and lithography [12—
14]. The characteristics of plasma emission from the
PF strongly depend on the operating principles and pa-
rameters (e.g., composition of filling gas and pressure,
operating energy, electrode’s materials and geometry,
discharge current, anode polarity etc.). Especially,
the filling gas composition, puffing pressure, and dis-
charge current have the strongest influence on plasma
emission [15-18]. A large number of research arti-
cles are published on experimentally studied yields
(X-ray, neutron, ion, and electron beams) from PF
devices. Several of them are focused on the X-ray
yield enhancement through changing the insulator
sleeve length and material, varying the plasma density
within the pinch (at anode top) by way of gas puffing
or using tapered anode and others are correlated the
electrode geometry (material, shape, and dimension)
with soft X-ray emission [19-21].

Presently, the experimentally organized trial and
error technique to find the optimized arrangement
of a PF for maximum plasma emission is very diffi-
cult, highly time-consuming, and needs finance. It
can be accomplished if a reliable focus model and
consequent code of simulation is developed and used,
which can be able to predict realistically the radia-
tion yields from a PF. The Lee code is one of the
prominent codes in which the electrical circuit and
plasma focus dynamics, thermodynamics along with
radiation are coupled [22, 23]. This code realistically
simulates the experimental results from a PF by only
matching the computed current waveform with the
measured one [24]. It is convenient to perform scaling
studies phenomenological of any low energy to high
energy PF devices using the code [25]. Previously,
it is used to simulate different PF devices, including
UNU/ICTP PFF [26, 27], NX2 [28, 29], NX1 [28],
[30], and Filippov-type PF DENA [31]. In several
publications, the Lee code is used to obtain the op-
timum combination of puffing gas pressure, anode
configuration with either a fixed cathode radius or
constant radius ratio to enhance soft X-ray emission
(SXR) from PF devices [32, 33].

Plasma emission with pressure variation has been
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studied numerically in the spherical PF device for Nq
and Ne gases [34]. A numerical study on PF1000 was
conducted previously to find the optimized charac-
teristic SXR yield for Ne gas with pressure change
[35]. In this present work, we extend the numerical
experiments to study plasma emission with change in
pressure for Ny, Oo, and Ar gases using the Lee code
(version: RADPFV5.15). The minimum plasma pinch
column radius, ion density, pinch plasma temperature,
peak discharge current, and plasma velocity are also
obtained and correlated with plasma emission for each
of the gases.

2. The Lee Code Configuration for
Numerical Experiment

In the Lee code, the following power equations are
considered, respectively, to calculate Bremsstrahlung,
Recombination, Line radiation, and Joule heating,
generated from the pinch plasma column in a PF
device [36]:

Bremsstrahlung radiation power:

der
dt

= —1.6 x 107 N2 Z3 (7r?

min)ZﬂlﬂXT‘O.5 (1)
Line radiation power:

dQu  —5.92 x 1073 N2 Z%(mr21) Zimax
dt 05 (2)

Radiative recombination power:

erec —4.6 % 10’31NfZeffZﬁ(ﬂrfnin)Zmam
. T ®)

Joule heating power:

d Z ZIl’la.X
QJoule — 1300 x eff XQ
dt mr

min

IQT71.5 (4)

Hence, it is clear from Eqs. (1)—(4) that ion number
density (IV; ), effective charge number (Zg), atomic
number of gas (Z,), minimum pinch column radius
("min), pinch column length (Znax), pinch plasma
temperature (T), pinch current (I) are strongly co-
related with plasma emission in a PF device.

The PF1000 is a ~1 MJ PF device located in Poland.
Here, the code is configured with the capacitor bank
characteristics, tube dimensions, and operating volt-
age and pressure (Table 1) of the standard PF1000
[37].

The model parameters such as mass swept-up factor
in axial phase, f,, = 0.13, effective current factor in
axial phase, f. = 0.7, mass swept-up factor in radial
phase, fu, = 0.35, and effective current factor in
radial phase, f., = 0.65 have been obtained by fitting
the computed and measured current waveforms at
3.5 Torr deuterium in PF1000 [37]. This set of model
parameters and the above tabulated configuration
of the PF device are used for our present series of
numerical experiments for different gases [38-40].

3. Results and Discussions

The plasma emission is computed from PF1000 device
using the Lee code for No, Os, and Ar gases with pres-
sure variation in the range of (0.05-2.5) Torr. Finally,
we obtain the optimum pressure at which the plasma
emission is maximum from the device for these gases.
The peak discharge current (Ipeax), magnetic piston
speed (v,) along with some plasma pinch properties
such as maximum pinch plasma temperature (Tinax),
minimum pinch radius, ion density, joule heating en-
ergy for these gases are also computed and only the
results for Ny gas are tabulated (Table 2). The find-
ings for the other two gases (Oy and Ar) are discussed
with graphs in this paper.

In a plasma focus, the Coulomb interactions
between ions and electrons are responsible for
bremsstrahlung radiation while the radiative recombi-
nation is emitted by confining of a free electron with
an ion. The computed Joule heat, bremsstrahlung
radiation, line radiation, and radiative recombination
as a function of time from start of radial phase in
PF1000 for Ar and Ny gases are presented in Figs 1
and 2, respectively.

The lose energy due to dropping a bound electron
from the higher ionic energy state to a lower state
emits as line radiation in the PF device.

The figures (Figs. 3-5) show the computed
bremsstrahlung radiation (Qp,), line radiation (Q,),
and radiative recombination (Qyec) as a function of
pressure in PF1000 for Ny, Og, and Ar gases. The
maximum bremsstrahlung radiations are found as
49.24 J at 0.827 Torr Ng, 72.69J at 0.6 Torr O2, and
53.34 J at 0.127 Torr Ar (Fig. 3).

While, for the peak values of the recombination
radiations are obtained as 355.07J at 0.866 Torr N,
1.0kJ at 0.6 Torr Og, and 1.5kJ at 0.127 Torr Ar
(Fig. 4). It is noticed that the radiative recombina-
tion energies for Oy and Ar are comparable but about
3-times greater in No plasma and it is higher than
bremsstrahlung radiation for each of the gases. The
utmost line radiations (Fig. 5) 3.9kJ for Ng, 6.2kJ for
05, and 30kJ for Ar are computed at the optimum
pressures of 0.945 Torr, 0.6 Torr, and 0.23 Torr, respec-
tively. It is clear from these curves that the optimum
value of line radiation for each gas is the greatest
than the other types of radiation (bremsstrahlung and
recombination). Comparing the above radiations, it
is noticed that the line radiations for Ny, O9, and Ar
are 91 %, 85 %, and 97 % of the corresponding total
plasma emission, respectively.

The figures (Figs. 3-5) also demonstrate that the in-
crease in gas pressure indicates an increase in plasma
emission in the beginning until getting some optimum
gas pressure point for each of the gases. Beyond this
point, the increase in gas pressure reduces the emis-
sion from PF1000 device in terms of bremsstrahlung
radiation, line radiation, and radiative recombination.
Some of the basic reasons for which the plasma emis-
sion varies with pressure in a PF device are given
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Static inductance, Ly 33.5nH
Bank parameters: Capacitance, C 1332 uH
Stray resistance, rg 6.1 mQ?
Cathode radius, b 16 cm
Tube parameters: Anode radius, a 11.55 cm
Anode length, zg 60 cm
Charging voltage, V,  27kV

Operating parameters:

Gas pressures, Py

(0.05-2.5) Torr

Table 1. Device parameters of the standard PF1000 for our numerical experiments.

P Ipeak Tax Tmin Up N; Qbr Qrec an QJoule
(Torr) (KA) (x105) (em) (cmps™) (10%wm™) ) () () ()
0.05 1291  18.2 212 283 0.06 0.20 0.22 0.41 0.50
0.10 1465  11.7 2.02 225 0.13 0.85 1.40 3.30 1.63
0.127 1525 9.7 1.93  20.8 0.19 1.46 2.92 7.56 2.67
0.135 1541 9.3 1.91  20.3 0.20 1.68 3.53 9.34 3.03
0.20 1638 6.8 1.82 177 0.33 4.06 11.66 36.09 6.75
0.23 1671 6.2 1.80 16.9 0.39 5.40 17.31 56.57 8.71
0.30 1731 4.9 177 153 0.53 9.32 36.97 134.44 14.27
0.40 1794 3.9 172 13.8 0.75 16.73  84.42 346.37 24.47
0.50 1844 3.2 1.65 12.6 1.01 26.52  163.68  742.86 38.14
0.60 1884 2.7 1.57 11.6 1.38 39.08  288.56  1432.73  57.17
0.70 1918 2.6 147  10.8 1.78 41.15  263.45 2050.25  63.76
0.80 1946 2.3 1.34 10.2 2.47 48.55 336.94  3140.04  87.69
0.827 1953 2.2 1.30 10.1 2.68 49.24  349.28  3409.46  95.32
0.866 1963 2.2 1.27 99 2.95 48.46  355.08 3706.40  106.94
0.945 1981 2.0 1.25 9.5 3.0 41.85 327.26 3872.05 130.67
1.00 1992 1.9 1.26 9.3 3.47 3571  291.38  3720.52 144.83
1.50 2073 1.2 148 7.7 3.75 6.29 69.73 1382.78  252.11
2.00 2127 0.8 1.57 6.6 4.44 0.98 14.53 393.05 438.50
2.50 2166 0.6 1.57 5.8 5.59 0.16 3.25 116.27 731.71

Table 2. The computed results for Na gas in the pressure range (0.05-2.5) Torr at 27kV in PF1000.
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Figure 1. Heat and radiation emission from PF1000 device at 0.28 Torr Ar from start of radial phase.
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Figure 2. Heat and radiation emission from PF1000 device at 0.945 Torr Na from start of radial phase.
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Figure 4. Radiative recombination for N2, Oz, and Ar.

below.

In our study, we see that the ion density in pinch
plasma is increasing with increasing gas pressure
(Fig. 6), which increases the plasma emission. It
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Figure 6. Ion densities for Na, Oz, and Ar.

increases continuously with the increase in gas pres-
sure for each of the gases but for Ar, there is a peak
(76 x 1023 m~3) at 0.20 Torr (Fig. 6) and then it starts
to reduce with further pressure increase.

While, N; for Ny increases gradually up to 3.47 x
1023 m~3 at 1.0 Torr and after that its increase rate
becomes slow. In the case of O, it reaches to
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Figure 8. Pinch temperature for Na, Oz, and Ar.

5.12 x 1022 m~—2 at 0.7 Torr sharply and then starts to
decrease with pressure rise until 4.36 x 102 m™—3 at
1.0 Torr. The optimum pressure for ion density and
line radiation are very close to one another for each
of the gases (Fig. 5 and Fig. 6) and hence, N; has a
strong effect on line radiation in pinch plasma which
is the plasma dominating emission.

These curves of v, and Tiax for each of the gases are
following the similar pattern in the pressure range of
(0.05-2.5) Torr. The magnetic piston (plasma sheath)
speed (Fig. 7) accordingly the maximum pinch tem-
perature (Fig. 8) reduces with increasing gas pressure,
which eventually decreases the compression of pinch
plasma. The decrease in v, with pressure increasing
leads to a reduce in Tiax. Both peaks v, and Tiax
for Na, O, and Ar gases are found at 0.05 Torr those
are 28.30 cmyus™!, 27.61 cmpus™!, and 27.04 cmpus ™!,
respectively and 18.2 x 10°K, 13.10 x 10°K, and
8.50 x 10° K, respectively.

At low pressure, the effect of the increase in ion
density on plasma emission is stronger than the effect
of the decrease in plasma velocity and temperature.
Therefore, the plasma emissions are increasing with
gas pressure until some optimum point and after this,
further increasing the gas pressure, even though the
ion density is increasing, the radiation yield starts to
decrease, now the effect of decrease in plasma v, and
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Figure 9. Joule heating for Na, Oz, and Ar.

2.4

I
%

%]

oo

™

—y
=Y

Peak Current (x10% kA)

Y
3%

LA B B B B B B S S B S S B B LA

0.0 0.5 1.0 1.5 2.0 25
Pressure (Torr)

Figure 10. Peak current for Nz, Oz, and Ar.

Thax is stronger on plasma emission.

Increasing gas pressure which eventually leads to
an increase in Joule heating for all gases (Fig. 9). But
for Ar, we look that the Joule heating energy goes to
the maximum (9.1kJ) at the pressure of 0.23 Torr and
after that it starts to decrease with further pressure
increase. For Ny and O5 gases, the rise in gas pressure
results in increasing Joule heating continuously. An
increase in gas pressure which leads to a rise peak
current for each of gases in the device (Fig. 10). This
rising rate is higher in the pressure range of (0.05—
1.0) Torr compared to the increasing rate in the range
of (1.5-2.5) Torr.

Due to electromagnetic compression (pinching) hot
and dense plasmas are staging onto the anode top for
very short time (few ns) which is the source of plasma
emission (line and continuum) and then collapse for
instabilities. During this compression, plasma gains
internal energy from Joule heating requiring a bigger
equilibrium pinch radius whilst it loses energy through
plasma emission oppose this trend. When this emis-
sion exceed the Joule heating energy, the excess emis-
sion energy reduces the kinetic pressure (resisting)
force whilst the magnetic piston continuously exerts
a squeezing force in radially inward direction. If this
cooling effect for plasma mission is sufficiently large,
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then it leads to a very sharp drop in pinch radius
(principal sign of radiatively-enhanced compression)
and it might be a very far lesser than envisaged in the
case of just the electromagnetic compression (pinch)
[36]. In general, the presence and strength of plasma
radiative compression depend on the initial values of
radius, density, and temperature of a pinched column.

The reason for this is the radial velocity of compres-
sion depends on the plasma emission. So, when the
initial value of plasma density is higher and temper-
ature is smaller (assuming optically thin state), the
plasma emission will be higher and radial compression
faster because of the feedback type of relations-higher
radiation emission leads to higher compression, while
higher compression leads to higher radiation emission
and so on (at least until an optically thick state is
reached).

Moreover, there are other effects/phenomena during
plasma-focus discharges which should also influence
the compression of plasma pinch and achieved val-
ues of pinch radius, density, and temperature (and
thus achieved maximum compression state) — they
are not occur during discharges and influence radial
compression of plasma pinch. Especially changes in
the mass sweeping and current flow prior and during
a plasma pinch formation (due to different possible
effects occurring in an experimental chamber) — de-
scribed with the model parameters, changes in the
electric operation of a device — described with the
total inductance and resistance of a device changes in
the plasma compressibility — described with the total
specific heat ratio of ionized gases, changes in the
flow of current through pinch — due to changes in the
Spitzer resistivity and changes in the time of stability
of a pinch — due to changes in the time of propagation
of small disturbances across a plasma column [41].

In our present numerical experiments, it is found
that the minimum pinch radii for Ar, No, and Oq
plasmas reduce, consequently the total plasma emis-
sions increases with pressure increase up to certain
values. After these points, the plasma emissions start
to reduce accordingly the rmin increases with fur-
ther increasing pressure. At the optimum pressure of
0.945 Torr No, the rmin, Tmax, and N; are found to be
1.25cm, 2.0 x 106K, and 3.0 x 1022 m—3, respectively,
with the maximum total plasma emission of 4.2kJ
while for O, the peak total emission is found 7.3kJ
with 4.89 x 1023m~3, 3.0 x 10K and 0.82cm at the
optimum pressure of 0.6 Torr (Fig. 11). In the case
of Ar, the lowest rpi, (0.10cm) is found at 0.15 Torr
with N; (83 x 103 m™3), Typax (4.63 x 10°K), and
total emission 25kJ. But, the highest total emission
(30kJ) is obtained at 0.23 Torr with 7y, (0.13 cm),
N; (71 x 102 m=3), and Tpax (3.75 x 106 K). Here,
we notice inequality relations in 7min : Tmin(N2) >
Tmin(OQ) > Tmin (Ar), in N; : NZ(AI‘) > NZ(OQ) >
Ni(NQ)a Tmax : Tmax(Ar) > Tmax(OQ) > Tmax(N2)7
and consequently in total plasma emission (Qtotal) :
Qtotal(Ar) > Qtota1(02) > Qtotal(N2)- That means,

6

the reduction in r,;; an increase in ion density re-
sulting the higher up the plasma emission. We also
observe the variations of radial trajectories (Fig. 12
and 13) for N, O, and Ar at their corresponding
optimum pressures. At optimum pressure of 0.23 Torr
Ar (for maximum Y,), the radial inward shock wave
starts from 11.5 cm and it hits on axis after 807 ns with
driving magnetic piston position at 1.73cm (Fig. 12).
The incoming magnetic piston hits to the outgoing
reflected shock (RS) wave after 1002 ns at 1.46 cm and
the pinch starts to compress radially inward directions.
During this time, the strong plasma emission espe-
cially line radiation (30kJ) with power 3.53 x 103 W
exceeds the Joule heating energy (9.1kJ) with power
8.81 x 10'° W causes the sharp drop of pinch radius
to its minimum value of 0.14cm at 1170 ns and then
radiatively-enhanced compression occurs. At the opti-
mum pressure, for total plasma emission, the radial
inward shock wave starts at the same radial position
of 11.5cm for Ny, Og, and Ar (Fig. 13). The starting
time of the pinch and its radial position for Ny, Og,
and Ar are (1260 ns, 2.17cm), (1080ns, 1.85 cm), and
(660 ns, 1.80 cm), respectively. The time of squeezing
with the minimum pinch radius of Ny (1980 ns), O4
(1690 ns), and Ar(991ns). It is clear that the sharp
drop of pinch radius in Ar plasma is occurred at an
earlier time from the start of radial phase than those
of Ny and Oy plasmas leading the greatest plasma
emission. Although the Lee code does not specifically
include all possible phenomena which may take place
during plasma focus discharges (such as filamenta-
tion, hotspots, instabilities etc), all energy- and mass-
significant mechanisms are in effect incorporated in
the code through the sets of mass and current fac-
tors. These mass and current factors are fitted from
measured current waveforms. Hence, the Lee code is
consistent with actual plasma focus operation and in
particular gives reliable estimates of dynamics and
radiation yields. This has been proven in comparison
with many experiments over a range of small to large
plasmas focus devices [42-47].

4. Conclusions

The plasma emission optimization studies in a PF
device in a wide range of pressure is one of the active
fields of plasma focus research for their immense pos-
sible applications. Using the Lee code, we compute
bremsstrahlung radiation, line radiation, and radia-
tive recombination with pressure variation for No, O,
and Ar gases in the PF1000 device. We see that at
the beginning of the pressure increase, the plasma
emission starts to rise until some optimum pressure
and after that it reduces with further pressure increase
for each of the gases.

In our present studies, it is found that the line ra-
diation is predominant compared to bremsstrahlung
radiation and radiative recombination. Here, the max-
imum line radiations at their corresponding optimum
pressures are as: 3.9kJ at 0.945 Torr Ny, 6.2kJ at
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Figure 11. Minimum pinch radius and total radiation
for Nz, Oz, and Ar with pressure in PF1000.

0.6 Torr Os, and 30kJ at 0.23 Torr Ar. The line radi-
ation has the highest percentage (91 % for Na, 85 %
for Oz, and 97 % for Ar) within the plasma emission
compared to bremsstrahlung radiation (0.98 % for Ny,
1.08 % for Oq, and 0.09 % for Ar) and radiative recom-
bination (8% for Ng, 14% for Oz, and 3% for Ar).
Through the numerical studies we find the inequal-
ity relation in 7min ¢ Pmin(N2) > 7min(O2) > Tmin
(AI‘), in N; : NZ(AY) > NZ(OQ) > NZ(NQ), Tinax -
Tinax (Ar) > Thax(02) > Thax(N2), and consequently
in Qtotal : Qtotal(Ar) > Qtotal(OZ) > Qtotal(N2)~
That means the reduction in ry;,, the increase in ion
density results higher up the plasma emission. There
is found a maximum Joule heating (9.1kJ) at the
optimum pressure of 0.23 Torr Ar at which it shows
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Figure 12. Radial dynamics at 0.23 Torr Ar.
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Figure 13. Radial trajectories for Na, Oz, and Ar.

the peak line radiation. The excess of line radiation
(20.4kJ) as well as the lowest value of 7, the highest
values of N; and T, of Ar are the strong evidence
of radiatively-enhanced compressions.
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